Abstract: Oligonuclear complexes as well as coordination polymers with various network topologies can be obtained by using homo-or heterobinuclear complexes as starting materials. These building blocks are stable complexes, where the metal ions are held together by compartmental ligands, or alkoxo-bridged Cu(II) species. The binuclear nodes can be connected through appropriate exo-dentate ligands, or through metal-containing anions (e.g., [M(CN) 6 ] 3-, M = Cr III , Fe III , Co III ). A rich variety of 3d-3d and 3d-4f heterometallic complexes, with interesting architectures and topologies of the spin carriers, has been obtained. A particular case is the one concerning the 3d-4f binuclear nodes. Following this strategy, we were able to obtain coordination polymers containing three different spin carriers (2p-3d-4f; 3d-3d'-4f).
INTRODUCTION
The search for new synthetic routes leading to multimetallic complexes is of current interest in inorganic chemistry [1] . The building block approach was particularly developed in order to obtain heterometallic complexes with interesting magnetic, optical, electric, or catalytic properties. It consists of the use of anionic complexes, with potentially bridging ligands (linkers), which may interact with a wide variety of assembling cations (connectors), Scheme 1. An extremely rich chemistry has been developed, particularly with the families of oxamido [2] , cyano- [3] , and oxalato-bridged systems [4] . Paralleling the rational way of metal assembling, the serendipitous assembly also affords compounds with spectacular structures and properties [5] . The retrospective analysis of the compounds obtained by accident provides the necessary information in the attempt to design complexes with pre-established nuclearities and dimensionalities.
organic guest molecules. The 1:1 ligand-to-metal ratio leads to either linear or zigzag chains [7] . By altering the stoichiometry, namely by increasing the ligand-to-metal ratio, 2D and 3D networks can be obtained. In this case, the structures are expanded either through supplementary metal-bridging ligand bonds, or through the convolution of coordinative, hydrogen-bonding, and π−π stacking interactions [8] .
The reaction between a Cu(II) salt and amino alcohols affords, through the deprotonation of the OH group, alkoxo-bridged binuclear species, which can act as nodes in the construction of coordination polymers.
The following amino alcohols have been employed to generate binuclear alkoxo-bridged species: triethanolamine (H 3 tea), diethanolamine (H 2 dea), monoethanolamine (Hmea) and monopropanolamine (Hpa). As spacers, we used rigid bis(4-pyridyl) derivatives: 4,4'-bipyridyl (4,4'bpy) and bis(4-pyridyl)ethylene (bpe).
The amino alcohols with higher denticity (H 3 tea, H 2 dea) favor the formation of 1D coordination polymers. Conversely, in order to obtain coordination polymers with higher dimensionality, amino alcohols with lower denticity (Hmea, Hpa) have to be used (Scheme 4).
ONE-DIMENSIONAL COORDINATION POLYMERS
The reactions between Cu(II) perchlorate, a divergent ligand, and H 3 tea or H 2 dea affords 1D coordination polymers: [Cu 2 (H 2 tea) 2 (Fig. 1) [9, 10] .
The presence of the uncoordinated bpe molecules in 1 and 3 leads to quite interesting supramolecular architectures. These molecules act as H-bond acceptors, connecting the 1D coordination polymers. In the case of 1, the uncoordinated bpe molecules bind parallel chains, spread along the crystallographic b axis, through H-bonds, resulting in a double zigzag-ladder network (Fig. 2a) . A channel is formed inside each ladder, which is occupied by perchlorate anions (Fig. 2b) . Each [Cu 2 ] node interacts with four bpe spacers: it forms coordination bonds with two bpe molecules, and H-bonds with the two others. The uncoordinated bpe molecules in 3 bind parallel chains through weak H-bond interactions established between the nitrogen atom and the C-H group from a bridging bpe molecule and between a C-H group and the oxygen atom from the coordinated OH group. Two-dimensional supramolecular layers with rhombic meshes are formed (Fig. 3) . [9, 10] . Figure 4 shows a fragment of the 2D network in 4. The dimensions of the meshes are quite large: 12.31 × 13.36 Å in 4, and 14.548 × 15.584 Å in 5. Compounds 4 and 5 nicely illustrate how the problem of the empty space is solved. The 2D coordination networks in 4 stack parallel to one another, generating parallel channels running in the [1 0 -1] direction. These channels are marked in Fig. 5 through arrows. Each channel is filled by an interesting H-bonded polymer constructed from uncoordinated 4,4'-bipy and water molecules, H 2 pa + (monoprotonated aminopropanol species) and perchlorate ions. On the other hand, compound 5 exhibits an interlocked 3D structure, resulting from the inclined interpenetration of 2D grid-like sheets. Each sheet is constructed from [Cu 2 (mea) 2 ] nodes, interconnected by bpe spacers. Every mesh of every sheet contains parts of two others passing through it (Fig. 6) . The supramolecular architecture can be described as a 2D inclined catenation p-p (parallel-parallel) of (4,4) layers with Doc (2/2) [11] . 
MOLECULAR RECTANGLES: TETRANUCLEAR COMPLEXES
The rational synthesis of multimetallic systems with pre-established nuclearities and topologies of the metallic centers, as well as with tunable distances between the metallic ions, is an important goal in modern coordination chemistry. All these characteristics are crucial for their magnetic or biomimetic properties. Three conditions must be fulfilled by a synthetic strategy leading to discrete polynuclear complexes: (i) control of the nuclearity, (ii) control of the topology of the metallic centers, and (iii) control of the distance between the metal ions. The latter condition is particularly important in the effort to mimic metallo-enzymes with both short (3-4 Å) and long (>10 Å) metal-metal separations, as, for example, in the case of multi-copper oxidases. The larger the number of metallic centers, the wider the variety of possible topologies. Taking the case of tetranuclear complexes, the metal ions can be displayed in several geometries: linear, tetrahedral, square, rectangular, butterfly, U-shaped, or heterocubane.
The molecular rectangles (two long and two short sides) can be obtained by combining the bridging ability of exo-dentate ligands, such as bis(4-pyridyl)derivatives, with the one of other ligands. For example, Hupp et al. [12] , Sullivan et al. [13] , and Lu et al. [14] have obtained molecular rectangles that are based on fac-Re(CO) 3 corners. Two edges are constructed from 4,4'-bipyridine molecules, while the other two are formed by exo-bidentate [pyrazine, bis(4-pyridyl)ethylene], or bis-chelating (2,2'-bipyrimidine), or alkoxo ligands.
An alternative way to design molecular rectangles consists in the use of binuclear Cu(II) complexes with compartmental end-off ligands [15] [16] [17] . Within the starting binuclear complexes, the Cu(II) ions frequently exhibit a coordination number of five and a square-pyramidal geometry. Our approach is based on the observation that the weakly coordinated ligands (e.g., perchlorato ions or solvent molecules), which are coordinated in the apical position to the metal ions, can be replaced by exodentate ligands, resulting in tetranuclear complexes (Scheme 5). As a compartmental ligand, we have used a classical one, namely 2,6-bis[N-(2-pyridylethyl)formimidoyl]4-methyl-phenolato (H 2 L 1 ), which is a Schiff base obtained from the reaction of 2,6-diformyl-4-methyl-phenol with 2-(2-aminoethyl)pyridine. The starting binuclear complex contains the HO -ion as an exogenous bridge. The distances between the metallic centers can be tuned by using appropriate spacers. The linkers are either symmetrical [e.g., bis(4-pyridyl)derivatives] or unsymmetrical ligands (e.g., the isonicotinatao anion). [
In all these compounds, the Cu(II) ions exhibit a coordination number of five, with a square-pyramidal geometry, the basal plane being formed by two nitrogen atoms arising from the Schiff-base ligand, and two oxygen atoms (one from the phenolato endogenous bridge, and the other one from the hydroxo bridge). The apical positions are occupied by the nitrogen atoms from the exo-dentate ligands. The magnetic properties of the compounds belonging to this family are dominated by the strong antiferromagnetic interaction (J = -300 ± 30 cm -1 ) occurring between the Cu(II) ions residing on the short side of the rectangle.
It is worth noting that compounds 6-9 result also from a multicomponent self-assembly process, that is, the one-pot reaction between the Schiff-base, exo-dentate ligand, lithium hydroxide, and Cu(II)perchlorate.
A similar tetra-zinc rectangle, isostructural with 7, has been characterized recently: the two binuclear entities, [L 1 (µ-OH)Zn 2 ] 2+ , are connected through two trans-1,2-bis(4-pyridyl)ethylene molecules. It exhibits a very interesting single-crystal-to-single-crystal photoreaction of the bis(4-pyridyl)ethylene ligands, to give tetrakis(4-pyridyl)cyclobutane [18] .
We have also shown that this synthetic approach, "dimer-of-dimers", can be extended by using bis(bidentate) ligands, such as the anions of dicarboxylic acids (e.g., acetylenedicarboxylic acid, fumaric acid). The dicarboxylato ligand links two bimetallic moieties resulting in tetranuclear complexes with the metallic ions located in the corners of a rectangle: Fig. 8) [16, 17] . Each carboxylato group forms a third bridge between the Cu ions within the binuclear moiety (syn-syn bridging mode). The stereochemistry of the Cu(II) ions is square-pyramidal.
When the compartmental ligand is a macrocyclic one, for example, the Schiff base resulted from the condensation of 2,6-diformyl-4-methyl-phenol with 1,3-diamino-propane (H 2 L 2 ), the reaction with a linear dicarboxylato anion (e.g., acetylenedicarboxylato, acdca 2-) leads to a 1D coordination polymer [Cu 2 L 2 (acdca)]ؒCH 3 OHؒ4H 2 O 12 ( Fig. 9 ) [19] The Cu(II) ions exhibit an elongated octahedral geometry. [20] . Three [MnCu] entities are connected through the tma 3-anion, resulting in a complex entity with a C 3 symmetry axis (Fig. 11) . The Mn(II) and Cu(II) ions within each pair are bridged by two phenoxo oxygen atoms and by a carboxylato group (syn-syn bridging mode) arising from the tma 3- This trimesate anion has been chosen as a bridge not only because of its potential ability to bridge 3 × 2 metal ions, but also since it fulfils the necessary conditions to mediate a ferromagnetic coupling through a spin polarization mechanism [21] : the whole bridging molecule can be planar, and the metallic centers are separated by an odd number of atoms. Indeed, the magnetic properties of this compound are quite interesting. The χ M T vs. T plot is given in Fig. 12 . At room temperature, the value of the χ M T product is 13.5 cm 3 mol -1 K, which roughly corresponds to six uncoupled metal ions, 3Mn 2+ and 3Cu 2+ (the calculated value is 14.2 cm 3 mol -1 K). By decreasing the temperature, χ M T decreases more and more, reaching a minimum (8.8 cm 3 mol -1 K) at 12 K. Below 12 K, the χ M T product increases abruptly. This behavior can be explained as follows: the exchange interaction within each Mn(II)-Cu(II) pair is supposed to be much stronger than the exchange interaction between the metal ions belonging to different pairs. The magnetic behavior of 14 between room temperature and slightly above 12 K can be described considering only three magnetically isolated Cu II -Mn II binuclear units with J 1 = -16.7 cm -1 (see dashed line in Fig. 12 ). The minimum around 12 K corresponds to three uncorrelated S = 2 spins. At T < 12 K, the ferromagnetic coupling among the resulting three S = 2 spin units through the spin polarization mechanism (Scheme 6) causes the observed increase of χ M T. The value of the exchange coupling constant involving the three S = 2 spins is J eff = +0.05 cm -1 . 
3d-4f Heterobimetallics
The versatility of the heterometallic binuclear building blocks increases when the two metal ions differ drastically through their chemical behavior, since the metal ions can interact selectively with various spacers. This is the case of the 3d-4f heterobinuclear complexes: the rare-earth cations are hard acids and exhibit high coordination numbers, whereas Cu(II) is a borderline acid with a marked tendency to adopt a more or less distorted square-pyramidal geometry. From this perspective, the use of the isonicotinato anion (IN -) , as an unsymmetrical linker, is very appealing: the rare-earth cations are extremely oxophilic and will, therefore, prefer to interact with the carboxylato group, while the Cu(II) ion will bind to the nitrogen atom of the pyridyl group. As building blocks, we employ heterobinuclear 3d-4f species with side-off compartmental [23] . Indeed, the binuclear [CuPr] units are connected by the isonicotinato ligand, which is coordinated through the carboxylato group to two Pr(III) ions and with the nitrogen atom to the Cu(II) ion. So each IN -is coordinated simultaneously to three metallic centers: two Pr(III) and one Cu(II). Two Pr(III) ions arising from two {CuPrL 4 } units are bridged by two carboxylato groups from two isonicotinato bridges (syn-syn bridging mode). The PrؒؒؒCu distance within the [PrCu] building block is 3.611(1) Å. The extension of the structure can be described as follows: two praseodymium ions are bridged by two carboxylato groups, resulting in rhomboidal {Pr 2 (O 2 C) 2 } rings. These rings are interconnected through the pyridyl moieties of the isonicotinato bridges, which coordinate to the Cu(II) ions. Large polygons containing four Pr(III) and four Cu(II) ions are formed (Scheme 7). Each [CuPr] unit is connected through three isonicotinato bridges to five other [CuPr] units, resulting in 2D layers (Fig. 13) . The distances between the Cu atom and the two praseodymium atoms bridged by the same IN -ion are slightly different: 8.75 and 9.30 Å. The room-temperature value of the χ M T product is 2.11 cm 3 mol -1 K, which corresponds to the expected one, calculated using the equation 
TOWARD COMPLEXES WITH THREE DIFFERENT SPIN CARRIERS
The synthetic approach based upon 3d-4f building blocks was further extended toward the construction of coordination polymers containing three different spin carriers: 3d-3d'-4f and 2p-3d-4f systems. Such compounds are of high interest in molecular magnetism, providing both physicists and theoreticians exciting cases for investigation. The reaction between [CuLnL 4 (NO 3 ) 3 ] and K 3 Fe(CN) 6 ] (Scheme 8) led to a novel heterospin system, [{CuL 4 }Gd(H 2 O) 3 {Fe(CN) 6 }]ؒ4H 2 O 16, whose crystal structure has been solved [24] . This represents a straightforward synthetic route toward 3d-3d'-4f systems, by using heteronuclear 3d-4f cationic species as building blocks, and anionic complexes bearing the third paramagnetic ion, as linkers. The [CuGd] moiety preserves the structural features of the whole [Cu II Ln III ] family of complexes with compartmental Schiff-base ligands derived from 3-methoxysalicylaldimine: The Cu(II) ion is hosted in the inner N 2 O 2 compartment, and the oxophilic gadolinium ion occupies the outer O 4 cavity (two oxygen atoms arise from the bridging phenoxo groups, two others from the methoxy ones). The CuؒؒؒGd distance is 3.509(1) Å. The [Fe(CN) 6 ] 3-ion connects three metal ions, through three meridially disposed cyano groups, resulting in a unique ladder-type topology (Fig. 14) . The most intriguing properties of a heterospin system, such as 16, are the magnetic ones. Magnetic susceptibility data for 16 were collected in the temperature range 1.9-300 K (Fig. 15) . The value of the χ M T product at room temperature is 9.04 cm 3 mol -1 K, which is higher than the calculated one (8.62 cm 3 mol -1 K) corresponding to the sum of the contributions of the three uncoupled ions, (χ M T) HT = (Ng 2 β 2 /3k)[S Gd (S Gd + 1) + S Cu (S Cu + 1) + S Fe (S Fe + 1)], with g Cu = g Gd = g Fe = 2. The first-order orbital momentum associated to the low-spin Fe(III) ion is responsible for this difference. Upon lowering the temperature, χ M T remains constant down to about 95 K, then increases and reaches a maximum (10.05 cm 3 mol -1 K) at 13.8 K. Below this temperature, χ M T decreases abruptly (7.25 cm 3 mol -1 K at 1.9 K). The complex topology of the spin carriers in 16 makes the interpretation of its magnetic properties difficult. [26] . The structure of 18 can be described as being constructed from almost linear trinuclear [Cu 2 Gd] units on which the TCNQ •-anionic radicals are attached (Fig. 16) . The TCNQ •-ions are further involved in both stacking and weak coordinative interactions, leading to a unique supramolecular architecture (Fig. 17) . The three TCNQ •-anions corresponding to a [Cu 2 Gd] triad are parallel and aligned with their longitudinal axis along the b direction. The small separations between the A-B, and B-C anionic radicals (3.12 and, respectively, 3.32 Å) indicate the occurrence of the π−π interactions. Each C-TCNQ •-radical interacts further with another uncoordinated radical, C', the separation between them being 3.19 Å. Consequently, the overlap of the TCNQ •-π clouds generate ABCC'B'A' stacks which connect pairs of [Cu 2 Gd(TCNQ) 2 ] n n+ chains. The stacking interactions between TCNQ •-radicals lead to diamagnetic (TCNQ) 2 2-dimers. Considering that the TCNQ •-ions do not contribute to the magnetic moment of 1, the magnetic properties can be interpreted by taking into account only the isolated [Cu 2 Gd] triads. Indeed, the high-temperature limit of the χ M T product corresponds to a magnetically noninteracting Cu(II)-Gd(III)-Cu(II) (1/2-7/2-1/2) system. As the temperature is lowered, χ M T increases reaching a maximum at 10 K with χ M T = 13.0 cm 3 mol -1 K. This behavior indicates that the Gd(III)-Cu(II) interaction is ferromagnetic with a ground state S = 9/2.
CONCLUSIONS AND OUTLOOK
The synthetic approach described herein opens interesting perspectives in crystal engineering, as well as in molecular magnetism. Novel solid-state architectures can be constructed by using binuclear nodes instead of monometallic ones. This chemistry can be further developed by using other organic molecule as spacers, or metal-containing anions which can act as ligands. The intra-node exchange interaction combined with the one arising from the inter-node interactions could lead to materials with exciting magnetic properties. Moreover, the rational design of coordination polymers containing three different spin carries is of interest in the effort to obtain single-chain magnets.
